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INTRODUCTION 
Recently, proton exchange membrane fuel cells (PEMFC) have gained worldwide attention as a 
possible practical replacement to the internal combustion (IC) engine for automotive 
applications. International Fuel Cells is actively engaged in PEMFC technology using hydrogen 
as well as reformed gasoline as a fuel source for automotive and stationary applications. 
Gasoline reformate from a fuel processor arriving at a PEM cell anode is expected to contain 
small quantities (10-50 ppm) of carbon monoxide. It is well known that CO is a poison to the 
platinum anode catalyst when present even in small concentrations of ppm in the fuel feed 
stream. Carbon monoxide adsorbs on active sites on the surface of the catalyst that would 
otherwise be available to Hz for dissociation into monoatomic H& (Tafel step) for subsequent 
oxidation. In other words, the Tafel reaction which is the slower of the two step Tafel-Volmer 
reaction mechanism reaches rate limiting conditions earlier due to unavailability of participating 
reaction’sites. The extensive coverage (-80%) at low (65’C) temperatures causes a precipitous 
drop in anode limiting current and degradation in cell performance referred to as CO poisoning. 
There are several ways to deal with the residual CO that enters the fuel cell stack. One is to 
develop new catalysts that are more tolerant to CO either by the mechanism of CO oxidation 
using OH- ions at lower potentials. Another is the use of alloys that have components with a 
lower heat of adsorption to CO. Still a third pathway is to inject small amounts of air into the 
fuel feed [1,2] so that the CO is oxidized by oxygen at the catalyst surface, thereby recovering 
surface area for the hydrogen oxidation reaction and raising the cell performance. In the latter 
case, some hydrogen will also be oxidized, depleting the fuel and, hence, will result in an 
efficiency loss. A certain amount of heat will also be generated due to the oxidation of both 
hydrogen and CO. 

The reverse shift reaction may also take place, since fuel feed consists of COz , which in addition 
to causing a dilution effect may participate in the production CO or some other reduced form of 
COz [3]. Thus a poisoning effect due to COZ may be observed. 

In this paper, we present results on the effect of dilution of fuel, CO, COz poisoning and, its 
mitigation by air injection, as well as selectivity of air injection. 

EXPERIMENTAL 
A low loaded (0.10 mg/cm2 Pt anode; 0.37 mg/cmz Pt cathode; Gore 15 micron membrane) as 
well as a higher loaded T O  tolerant” catalyst (0.40Pt-0.20Ru mg/cmz anode: 0.30 mg/cm2 ,0.40 
mg/cmz cathode on Gore 15 micron membrane) were tested with H2/CO or synthetic reformate 
gases at the anode while using air on the cathode. The electrochemically active area of the cell 
was 327 cm’. The dry synthetic reformate composition used was COZ= 21%, NZ = 30%. HZ = 
49%. An existing in-house software was used to acquire cell performance data. Special 
precautions were taken in the experimental test rig to ensure safety in the introduction of air into 
the fuel stream. Care was taken to ensure that the lower flammable limit (-5% oxygen in 
hydrogen or -25% air in hydrogen) was not approached. 

Gas chromatographic (GC) mass balance analyses of dry gasses entering and leaving the anode 
were carried out to determine the CO converted to COz and to better understand the mechanism 
of CO oxidation particular to this system. GC measurements of dried gases were carried out at 
the fuel inlet and exit. In these studies CO in pure hydrogen was used rather than synthetic 
reformate in order to determine both the CO converted as well as COZ formed. (The COZ formed 
would not be measurable if synthetic reformate containing 21% COZ were used.) Impurities of 
COz at the inlet, as well as unused oxygen and unoxidized CO (at low air bleeds) at the fuel 
outlet, were measured. All measurements were repeated 3-4 times for reproducibility. 

RESULTS AND DISCUSSION 
We report below the data on an MEA in a single cell having O.lmg/cm* anode platinum loading 
and 0.37 mg/cmz cathode loading. Results are reported at 65°C and ambient pressure. Hydrogen 
utilization was 90% and air utilization 30% at 647 mA/cmZ. Figure 1 shows a “calibration” 
performance curve using pure Hz, performance curve with 20 ppm CO in Hz, and 0.5% air 
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injection. The anode polarization loss at 400 mA/cm2 was >300 mV. A complete performance 
curve was obtained at 0.25% air bleed. The air injection reduced the polarization to -250 mV. 
At 647 mA/cm2, the air injection was increased in discrete steps up to 2.5% at which point the 
performance loss reached a minimum -20 mV. Figure 2 shows the discrete steps in which the 
air bleed was increased at 647 mA/cmZ. In the last two steps, the CO is shut off after which the 
air bleed of 2.5% is shut off. A -5-10 mV increase in performance is observed when the CO is 
turned off. 
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Figure 1 Performance curves depicting the loss in performance with the introduction of 20 
ppm CO and the mitigation of CO poisoning with the use of an air bleed in the fuel feed stream. 
A complete curve with 0.25% air bleed is plotted as well as gain in performance with increasing 
air bleed at 647 mA/cmZ at 65'C and 100 kPa. 

Figure 2 
bleed at 647 mA/cm2 of figure 2 at 65'C and 100 P a .  

Details of the enhancement in performance during the step wise increase in air 
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Figure 3 
flow at 65'C and 100 kPa. (anode platinum loading 0.1 mg/cm2) 
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Figure 4 
poisoned MEA (anode platinum loading 0.1 mg/cm2) to within 10-15 mV of its hydrogen-air 
performance at 65OC and 100 P a .  

The rate at which the performance was enhanced (or anode polarizatiodcell loss decreased) with 
increasing % air bleed at 647 mA/cm2 is shown in figure 3. The performance loss decreases at an 
exponential rate with % air bleed. Figure 4 summarizes the approximate amount of %air needed 
to be injected for different CO amounts in the fuel stream for performance recovery to within 
-20 mV. The ratio of air bleed (21% oxygen) to CO level is a constant at about 200 and is a 
measure of the selectivity of the CO oxidation. 

Mass Balance on low loaded (0.10 mdcmZ Pt anode) Pt anode 
As described in the experimental section gas chromatographic studies were conducted to 
determine the mass balance of CO, air, and impurities (COz -8 ppm) entering and exiting the 
anode. The air bled in also contains 0.04% CO2. The gases measured at the inlet and exit are 
dry gases. At 20 ppm CO inlet conditions with 2% air injection, the mass balance is shown in 
table 1. We observed that oxygen in the air bleed is not fully utilized and exits the anode along 
with COz and even unoxidized CO at low air bleeds. The selectivity of CO oxidation based on 
the mass balance is of the order of 100: 1. 

Dependence of the % air bleed required to raise the performance of a CO 

TABLE 1 20ppm CO in hydrogen, 65'C, VW, 2% air bleed 

_ _ _ ~ _ _ _  Inlet Flow Exit Flow IInlet-Exit1 
COppm 20.4 0.0 20.4 
COzppm 15.0 43.1 28.1 
Nz% 1.51 1.60 0.10 
02% 0.43 0.11 0.30 
CO oxidized =20.4ppm 
0 2  used . =0.30% = 3000ppm 
0 2  unused =0.11% = 11Oqppm 

914 



Figure 5 shows three performance curves, namely,the hydrogen-air curve, 50% hydrogen and 
50% nitrogen, 49% hydrogen, 30% Nz, and 21% C02. (simulated reformate with no CO). The 
losses due to dilution by Nz at 647 mA/cm2 is -25 mV and the additional loss due to Cot 
poisoning is - 70 mV. At 647 mA/cm2 air was bled into the anode in small increments until the 
cell Performance was recovered. At 0.6% air bleed the performance reaches to within 10-15 mV 
of the maximum possible diluted performance. Further air bleed did not result in any 
performance gain. Figure 6 shows the effect of air bleed when the anode is subject to simulated 
reformate + 10 ppm CO. Combining the results in figures 6 and 7, it appears that the air bleed 
required for recovering the performance is approximately the sum of that required for COz and 
CO individually and is -1.75%. 
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Figure 5 
and simulated reformate containing 49%H2:21 %C02:30%Nz 
+Air Bleed (% of total anode flow) 

Hinh loaded Pt-Ru anodes (0.40Pt-0.20Ru me/cm21 
Figure 7 compares the effect of reformate with 10 ppm CO with and without air bleed at 538 
mA/cm2 with time. The air bleed required for this Pt-Ru catalyst with 10 ppm CO in reformate 
is of the order of 0.6% and less than that for a lower loaded Pt anode (1%) for the same CO ppm 
in reformate. 

Single Cell Stack Performance with anode gas compositions of pure H2. H2-Nz 

Figure 6 
step increases in air bleed at 647 mA/cm2 that recovers the poisoning losses. 

Performance curves showing the effect of reformate containing 10 ppm CO and 
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Figure 7 Comparison of cell voltage at constant current density of 647mA/cmZ versus time. 
The upper curve corresponds to a Pt-Ru anode of 0.4-0.2 mg/cm2 loading and the lower curve 
corresponds to anode with a Pt loading of 0.3 mg/cm2. Both cathodes had 0.3 mg/cm2 of Pt. The 
PtRu anode shows lower anode polarization losses and a lower air bleed of 0.60% is required to 
mitigate the poisoning.The cell temperature and pressure are 65°C and 100 kPa. 

Voltage Oscillations 
In the process of assessing the CO tolerant properties of different anode catalysts by testing for 
MEA performance, we observe an oscillatory phenomena. At high current densities and/or high 
CO ppms, the performance of the fuel cell fluctuates systematically with a relatively fixed 
amplitude and period. Air bled into such an oscillating system causes the oscillations to decline 
in frequency and eventually dampens out the amplitude. The period of oscillation is quite 
definite; if air is bled in, the period increases until finally oscillations cease in time when the air 
bleed is sufficient. With very low anode loadings of 0.1mg/cm2 oscillations were not observed. 
Although the total number of available sites is reduced with a lower loading, the fraction of 
available sites for hydrogen oxidation stays the same following an adsorption isotherm. When 
the number of available sites are very low, the instrumentation is not sensitive enough to measure 
low amplitude oscillations. 

CONCLUSIONS 
The air bleed required to regain the performance and alleviate carbon monoxide poisoning was 
determined for different CO concentrations in hydrogen. Air injection was also found to recover 
losses caused by the much milder COz poisoning. The air bleed to recover performance loss due 
to the combined effect of CO and C02 was found to be additive. In the presence of reformate 
with IO ppm C O  only - 0.5% air bleed was required for a higher (0.4Pt-0.2Ru mg/cm2) loaded 
Pt-Ru anode. Mass balance of the C O  and converted COz as well as excess oxygen were 
measured using gas chromatography. The amount of air bleed will affect the fuel efficiency of 
the stack and power plant. 
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INTRODUCTION 

The automotive industry is currently faced with the challenge to develop cleaner and 
energy efficient vehicles in order to meet the reduced toxic emissions standards. The proton 
exchange membrane (PEM) fuel cell system offers the most promising solution that would 
enable both efficiency improvement and emissions reduction in automobiles. Since fuel cells use 
hydrogen as the fuel, in order to facilitate an early market entry, the stacks are being integrated 
with reformers (fuel processors) that produce hydrogen from conventional fuels such as gasoline, 
methanol, natural gas, or propane. It is also a viable technology for decentralized power 
generation. Gasoline being the established vehicle fuel in terms of supply and distribution is best 
suited for automotive PEM fuel cell system while natural gas is the popular choice for small 
residential or stationary power applications. 

The PEM fuel cell may be operated at pressures ranging from near ambient to about 6 
atm and at temperatures between 50 and 90°C. High power densits is obtainable at higher 
operating pressures but the net system efficiency may be lower on account of the power needed 
for air compression. High power density is also obtained at the higher operating temperatures, 
however it may pose a significant challenge for water and heat management especially at lower 
operating pressure. A lower operating temperature, on the other hand, makes waste heat rejection 
into the environment difficult particularly in hotter surroundings. Therefore selection of 
operating temperature and pressure of the automotive PEM fuel cell system must be based on (a) 
high net system efficiency, (b) small component size, and (c) neutral or positive water balance so 
that the vehicle does not have to cany on-board water reservoir. 

In order to select the optimal operating temperature and pressure of the automotive fuel 
cell system Energy Partners developed a steady-state mathematical model of the entire fuel cell 
system that estimates the system and component parameters (such as mass flows, reaction rates, 
heat fluxes and loads, heat exchanger size, component and net system efficiencies etc.) at various 
operating temperatures and pressures and at various power levels. 

SYSTEM DESCRIPTION 

As shown in Figure I ,  the automotive fuel cell system consists of the following major 
components or subsystems: 

Compressed Air Delivery 
Fuel Cell Stack 
Heat and Water Management 
Exhaust (Expander) 

Figure 2 is a 3-D representation of the complete automotive fuel cell system. The fuel to be 
reformed in this case is gasoline. Epyx Corp.’ successfully demonstrated a partial oxidation 
based fuel processor. Gasoline is reformed to produce a reformate stream consisting of 
approximately 40% hydrogen, 20% carbon dioxide, and balance nitrogen (dry basis) after CO 
clean-up. A typical reformate stream leaves the fuel processor at near 16O-17O0C saturated with 
water vapor. The wet gas is then conditioned to the stack temperature, the condensed water 
removed in a separator, and sent to the fuel cell anode fully humidified at that temperature. 
Compressed ambient air is humidified before it is supplied to the cathode. The unutilizedexcess 
hydrogen from the fuel cell anode exhaust is burnt with the excess air (from the cathode 
exhaust) in the tail gas catalytic combustor (TGC). Exhaust gases from the TGC are then 
expanded to recover part of the energy needed for compression. In most applications the fuel 
cell temperature is controlled using water. However, for an automotive system like the one 
described here, an anti-freeze liquid such as propylene glycol is preferable. Heat from the 
coolant loop is rejected in an air-cooled heat exchanger or radiator. Water is consumed in the 
fuel processor in the steam-reforming and shift reactions, and in the humidification of air. In 
addition water is needed as the cooling medium in the fuel processor Water is produced in the 
stack as a result of the reaction between HZ and 0 2 ,  and also in the TGC by combusting 

. hydrogen. For an automotive system it is important to have a neutral water balance to avoid on- 
board de-ionized water supply. Therefore, liquid water is separated from all gas streams (he1 
cell exhaust gases and the TGC exhaust) and conditions maintained so as to achieve neutral 
water balance. The electrical power generated by the fuel cell is used to power the auxiliary 

Fuel Processor (which includes exhaust heat recovery in burner) 
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loads (compressodexpander, pumps, radiator fan, and control equipment) in addition to that 
required by the automotive propulsion unit. 

i 

Figure 1. Automotive PEM Fuel Cell System Block Diagram 

processor 

Figure 2. A 3-D Representation of the Automotive PEM Fuel Cell System 

MODEL DESCRIPTlON 

Based on the laws of conservation of mass and energy a complete set of equations was 
developed to compute mass and energy balance of each species in the system. The model takes 
into account all the chemical reactions involved in the fuel processor, fuel cell, TGC, etc., and 
the energy changes associated with the phase change of some of the species due to changes in 
temperature, pressure, etc. 

Fuel Processor: 

reactions to produce hydrogen, which for gasoline reforming can be represented as: 
CSHlX + (12.5)/+ 0 2  + (16 - 25/+)0 HzO 9 aCOz + bCO + cC& + dHz + eH2O 
where: 
4 = equivalence ratio, (stoichiometric aidfuel ratio to actual air to fuel ratio) 
d = ratio of actual to theoretical HzO in the fuel processor 
The coefficients (of the products and unconverted reactants) are calculated based on the mass 
balance of each of the species involved in fuel processing. The efficiency of fuel processing is 
then computed as the ratio of the heating value of product hydrogen to that of gasoline reformed. 
In order to reduce the CO content to less than 100 ppm (to prevent poisoning of the Pt anode 
catalyst), CO is hrther preferentially oxidized (PROW using air over a special catalyst. 
Approximately, for 1% cjf the CO in the reformate and twice the excess oxygen needed, 2.5% of 
the hydrogen in the reformate is also oxidized resulting in an efficiency of 97.5% for preferential 

The fuel processor combines partial oxidation, steam reforming and water gas shift 
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oxidation. Thus based on the amount of hydrogen required, the model calculates the mass flows 
ofthe reacting species. 

Fuel Cell: 
The stoichiometric amounts of H2 and O2 consumed in the electrochemical reaction in the 

fuel cell are computed by Faraday's law. However, since neither HZ nor 0 2  is present as pure gas 
excess amounts are supplied to the fuel cell and the unused Hz is burnt with the unused 02 in the 
TGC later for heat integration with the reformer. The Hz stoichiometric ratio depends on the 
actual fuel cell flow field design. The power generated by the fuel cell stack is a product of the 
individual cell voltage, current density and the number of cells. The current and voltage are 
related according to the polarization curve and an experimentally determined curve is used in the 
model. The fuel cell efficiency is defined as the ratio of the electrical power output to the heating 
value of H2 fed. 

It can thus be seen that high efficiency is obtainable at higher fuel cell potential and lower Hz 
stoichiometry. However for any given power output a high fuel cell operating voltage leads to 
larger stack. 

Air Supply and Exhaust Beat Recovery: 
Unused Hz from the fuel cell is combusted in the TGC and the heat generated is utilized 

in the fuel processor for preheat and/or steam generation. Combustion being exothermic, 
temperature of the exhaust gases is relatively very high and the heat is utilized in an expander to 
generate part of the power needed for air compression. It will be explained later that an expander 
is necessary for a pressurized system. Power recovered in the expander is computed using 
isentropic equations. Similarly, based on 0 2  flow needed for the fuel cell, air flow is computed 
and compressor is sized accordingly. 

Water and Heat Management: 
The coolant flow is computed depending upon the heat generated in the fuel cell and the 

operating temperature. Accordingly, the model calculates the cooling duty needed in the coolant 
loop and estimates size and other parameters for the radiator. 

System Efficiency: 
The overall system efficiency is a product of the efficiencies of the fuel processor, the 

PROX unit, the fuel cell and balance of plant  BOP).   BOP is the ratio of the net power to the 
gross power produced by the fuel cell. The difference between gross power and net power 
includes power needed to run compressodexpandel-. fans, pumps, solenoid valves, relays, 
controller, etc. 

QFC = (I . V,a) / . Mass Hz fed) 

RESULTS AND DlSCUSSlON 

The model briefly described above was used to perform steady state simulations to 
calculate the following system parameters (based on the input parameters and assumptions 
outlined in Table 1): (a). fuel consumption, air and water requirements; (b) fuel cell parameters 
(size and number of cells); (c) parasitic load requirements or BOP analysis. 

Table 1. Input parameters 
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Figure 3 shows the dependence of the system efficiency on fuel cell operating 
temperature and pressure. For the pressurized system a higher operating temperature results in a 
somewhat higher system efficiency and vice-versa for a low temperature system, which is 
mainly due to: (a) at low operating pressure, the expander recovers vexy less or no power, and 
(b) high operating temperature when coupled with low pressure necessitates large amounts of 
water recovery in the condenser which results in a very high parasitic load for the condenser fan. 
It should be noted that in these comparisons, the fuel cell voltage at nominal power was kept 
constant at 0.7 V/cell. A higher cell voltage results in higher efficiency but results in less power 
density (W/cmZ) or in other words a larger stack. Figure 4 shows relative stack sizes as a 
fimction of temperature and pressure at constant nominal system efficiency. High temperature 
and high pressure lead to  the smallest stack size. 
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Figure 3. Effect of  Operating Temperature and Pressure on System Efficiency 
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Figure 4. Effect of Operating Temperature and Pressure on Stack Size 

However stack size is not the only criteria in selecting operating temperature and pressure Size 
and performance of other components such as the fuel processor and radiator are also affected by 
pressure and temperature Figure 5 shows the variation in heat load on the condenser and radiator 
with operating temperature and pressure High temperature when coupled with low pressure 
shifts the heat load from the condenser to the radiator On the other hand, high pressure and low 
temperature results in maximum heat rejection in the radiator The major difference between 
these two components is  that the radiator is liquid-to-gas heat exchanger while the condenser is a 
gas-to-gas heat exchanger Heat transfer coefficients are significantly lower for the condenser, 
which means that fo: a given heat load the condenser requires much larger heat transfer area than 
the radiator Figure 6 compares the heat transfer areas for the condenser and radiator as a 
function of temperature and pressure The calculations assume a Iiquid/gas heat transfer 
coefficient of 60 W/m2/"C and gas /gas coefficient of 15 W/mZPC and a fin-to-tube area of IO 
The system that operates at high pressure (30 psig) and low temperature (60°C) requires the 
smallest heat exchanger For automotive fuel cell systems heat exchanger size may very well be 
a limiting factor At 30 psig and 60°C. there is no need for a condenser since all heat IS  rejected 
in the radiator 
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Figure 5. Radiator and Condenser Eeat  Load (50 kW net, constant eficiency) 
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Figure 6. Required Heat Exchanger Area for a 50 kW (net) System 

In all cases neutral water balance was accomplished such that enough water was condensed in 
the system to make up for the reformer process water and for air humidification. Water 
management poses a concern in systems that operate at low pressurss and high temperatures 
since large amounts of water are needed for humidification. 

With certain assumptions and limitations, the model also simulates the performance at 
off-design conditions such as partial loads and ambient conditions. Figure 7 shows projected 
system efficiency at various power levels. At 25% net peak power, the net system efficiency is 
around 39%. However for a realistic case, since the efficiencies of the compressor and expander 
are lower at lower pressures and lower power levels, the system efficiency is around 37%. Again, 
higher efficiencies (>40%) are obtainable at higher cell voltages at peak power. Ahluwalia et. a12 
have shown that 44.8% system efficiency is obtainable at 0.8 V/cell and 90% hydrogen 
utilization. 

0.4 
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E 0.34 
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0 0.2 0.4 0.6 0.8 1 
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Figure 7. System Efliciency as  Function of Net Power Output 
(30 psig, 8O"C, 50 kW - peak power) 

CONCLUSIONS 

The numerical steady state model developed for performance simulation of the PEM fuel 
cell automotive system has proven to be a valuable tool for component sizing, trade-off analysis 
by varying system configurations, and optimizing system pressure and temperature. Results 
suggest that an automotive system should operate at high pressure (30 psig), but an expander 
must be used to recover power used for compression. Surprisingly, results indicate that a low 
temperature (60°C) results in smallest size of heat exchanger if neutral water balance is 
mandated. The model also predicts system efficiency at different loads. Higher efficiencies may 
be achieved at higher cell voltages, but that would result in large fuel cell stack, which may be a 
limiting factor for automotive applications with the state-of-the-art fuel cells. 
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ABSTRACT 

An overview of the synthesis and characterization of several Pt-Ru or Pt-MoNulcan carbon 
nanocomposites and one Pt-Rdgraphitic carbon nanofiber nanocomposite is provided. Each 
binary metal alloy nanocluster composition is accessed through the t h d  decomposition of a 
single-source molecular precursor containing the desired metal stoichiometry. Microwave heating 
techniques are. used to form a Pt-RuNulcan carbon nanocomposite within,one minute of thermal 
treatment. The metal stoichiometry of individual alloy nanoparticles has been determined from on- 
particle EDS measurements obtained using HR-TEM(FEG) instrumentation. Preliminary DMFC 
testing results are. also summarized. 

INTRODUCTION 

There is currently much interest in developing metal alloy catalysts having improved reactivity as 
anode catalysts in fuel ce1ls.l Specifically, Pt-Ru alloys are commonly used as anode catalysts in 
direct methanol fuel cells (DMFCs) for the electnxatalytic oxidation of methanol? Pt-Mo catalysts 
are of interest as anode catalysts in PEM fuel cells operating on reformate fuels due to their higher 
CO-tolerance relative to platinum metal catalysts? Even though fuel cell anode catalysts might 
undergo significant chemical changes during conditioning or aging within a working fuel cell 
environment, there is a need to determine the dependence of fuel cell catalytic activity on the precise 
metal alloy stoichiometry of the initial catalyst as prepared. For practical considerations, there is 
interest in preparing fuel cell anode catalysts on conducting carbon supports to minimize the 
amount of noble metal required in a working fuel cell. 

We are. investigating the use of single-source molecular precursors as a means to better control the 
elemental stoichiometry of individual metal alloy nanopariicles formed on conducting carbon 
supports. While others have used heteronuclear clusters to prepare ruthenium-rich Pt-Ru/carbon 
nanocomposites of low total metal weight percent: we have used heteronuclear noncluster or 
cluster compounds to prepare several Pt-Ru or Pt-Mo/wbon nanocomposites having high total 
metal loading and a platinum atomic percent of 50% or greater. In this report, we provide (1) an 
overview of the synthesis and characterization of several Pt-Ru or Pt-MoNulcan carbon 
nanccomposites, (2) the rapid synthesis of a Pt,Ru,Nulcan carbon nanocomposite using 
microwave heating, (3) the synthesis of a Pt,Ru,/graphitic carbon nanofiber (GNF) 
nanocomposite, (4) the determination of the metal alloy stoichiometry of individual alloy 
nanoclusters, and, (5) preliminary results from testing selected Pt-RuNulcan carbon 
nanocomposites as DMFC anode catalysts. 

EXF'WMENTAL 

The single-source molecular precursors [($:q3-2,7dimethyloctadienediyl)RuCl(p-Cl),PtClL], 1 
(LF PPh,, PEG, or ethylene)? [CI,Pt(p-bipyrimidine)R~(22'-bipyridine)~][X],, 2 (X= BF, or 
PFJ? ~~~PPh,CH,PPh,~,{HgRu~~-C,H,XCO~2}21[PF~12, 3,' [Ru{p-22-bis(2-pyridyl)- 
quinoxaline(PtC1,)),[BF,l2, 4,' [Pt(pyridine),[Mo(ll-C,H,XCO),],, 5,9 [Pt(l,S-cyclo- 
octadiene)(Me)[Mo(ll-C,H,)(CO),l, 6,'' [pt3(PPh2CH,PPh,),Mo(q-C,H,)(CO)][BPh,l, 7," 
where prepared by literature procedures, modifications of literature procedures, or by novel 
methods. Carbon supports included Vulcanm Carbon XC-72R (Cabot Corporation) or GNFs 
prepared using published procedures.12 

Metal alloy/carbon nanocomposites were prepared by depositing single-source molecular 
precursors from a solution onto the appropriate carbon support through evaporation of the solvent. 
Multiple depositions were sometimes employed. Thermal degradation of the deposited molecular 
precursors typically occurred in reactive [air (up to 350°C) andor getter gas (3M650'C)I or inert 
[nitrogen (65O-70OoC)1 gaseous environments. Thermal treatments were conducted either in a tube 
furnace using gas flow rates typically of 150 d m i n  and heating rates typically of 15"Umin or in 
a microwave oven (Sharp Corporation, Model R-2M52B) operating at 2.45 GHz with a fixed 
power level of 600 Watts. Samples prepared by microwave heating were contained in a vial 
surrounded by a thermal bath of Vulcan carbon. Chemical microanalysis was performed by 
Galbraith Laboratories, Knoxville, TN. 

Low-resolution TEM micrographs were obtained using a Philips CM2OT transmission electron 
ficros~ope operating at 200 kV and equipped with an EDAX detector, while HR-TEM 
micrographs and on-particle EDS spectra were obtained at ORNL using a Philips CM200FEG 
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operating at ux) kV and equipped with an Oxford light element E D S  detector and an 
msPECT Vision data acquisition system. Powder XRD scans were obtained on a Scintag X I  
diffraction system. 

RESULTS 
! 

Metal Alloy Moleculm Total M Ave. Dia. (nm) fcc fcc 

W U I  1 (L==C,H,) 39 2.712.6 3.858(6) 3.864 

~ I R u I  2 (X=BF,) 33 434.3 3 . ~ 1 )  3.864 

l&!& a b & )  %xpected& 

W u ,  3 25 7.513.9 3.875(2) 3.876 

%RUI 4 37 6.715.7 3.911(1) 3.895 
I 

As shown in Table 11, complexes 5, 6 ,  and 7 which have WMo metal stoichiometries of 1:2, 1: 1, 
and 3:1, respectively, serve as single-source molecular precursors for Pt-MdVulcan carbon 
nanocomposites having bulk metal analyses consistent with the Pt-Mo content of the respective 
molecular precursor. The value of the fcc lattice constants observed for these alloy 
nanocomposites is not a reliable indicator of WMo composition due to the very similar atomic radii 
of Pt and Mo. Full-profile Rietveld refinement of the powder XRD scans of these pure 
nanocomposites reveals best convergence at WMo ratios near to the metal content of the molecular 
precursors. These nanocomposites have metal loadings of 43-58 weight percent and metal alloy 
nanopaaicle average diameters of 3.9-12.2 nm (as determined from XRD peak widths) or ca. 3.5 
nm (as determined from Tw.I micrographs). Only monomodal histograms of metal alloy particle 
sizes are observed. 

I 

I 

t 

i 
P 

Table 11. Analysis of Selected Pt-MolVulcan Carbon Nanocomposites 

Metal Alloy Molecular Total M Ave. Dia, (nm) fcc Pt:Mo Ratw 
I 

precursor e IXRDITEM) a b $ - @  - 
PtIMO, 5 58 1233.5 3.9144(1) 0.5 

filM0l 6 52 3.91 ... 3.9183( 1) 0.9 

&Mol 7 43 4.6B.4 3.9124(1) 2.9 

i 

Deposition of molecular precursor 1 (L=C2H4) having a PtRu stoichiometry of 1:l onto Vulcan 
carbon followed by microwave irradiation under appropriate gaseous atmospheres over a &@4 

gives the expected Pt,Ru /carbon nanocomposite. A TEM 
-e is shown in Figure 1. H k  TEM micrographs reveal lattice 
fringes on the Pt,Ru, particles consistent with a 1:l alloy composition. A histogram of PtRu 
nanoparticle diameters reveals an average nanocluster diameter of 3.2 nm with a standard deviation 
of 0.66 nm and a size distribution of only ca. 1.4 nm at full-width-at-half-height. The Pt,Ru, 
nanoclusters give a diffraction pattern consistent with afcc cell exhibiting broad peaks as expected 
from the small average particle size of the Pt,Ru, nanoclusters. Peak positions give a fcc lattice 
parameterof3.%7A,asexpectedfora 1:l PtRualloy(seeTable1). 

Pt,Ru, nanoclusters can also be formed on GNF caibon supports using complex 1 (L; C H,) as a 
single-source molecular precursor. Deposition of this precursor onto a GNF support folfowed by 
the appropriate thermal tniatment gives a Pt,Ru,lGNF nanocomposite, as shown in Figure 2. The 
metal alloy nanocrystals are highly dispersed on the GNF support. 

The on-particle PtRu metal stoichiometry of several R-RuNulcan carbon nanocomposites 
prepared from single-source molecular precursors has been determined by EDS measurements 
using HR-TEM(FEG) microscopy. PtRu atomic ratios obtained as raw data were corrected for an 
apparent loss of Ru from the outermost layer of the individual particles. A plot of these corrected 
Pt:Ru atomic ratios for a number of individual alloy particles of one such sample is shown in 
Figure 3. The major contribution to the experimental uncertainties shown is the error associated 
with the counting statistics of the detector. 
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Figure 1. TEMmicrograph of a Pt,Ru,Nulcau carbon aanocompsite prepared by microwave 
heating. 

Figure 2. TEM image of a Pt,Ru,/GNF nanocomposite prepared using 1 (L=C2H4) as a single- 
source precursor for the alloy nanoclusters. 

Such on-particle EDS measurements typically indicate that the PtRu atomic ratio of individual 
metal alloy particles fall within one or two standard deviations of tbe bulk Pt:Ru elemental 
stoichiometry. As shown in Table 111, the calculated weighted average of R R u  atomic ratios 
determined from individual alloy nanoclusters within four different alloyNulcan carbon 
nanocomposites fall close in value to the bulk alloy stoichiometry as determined by chemical 
microanalysis. The experimental uncertainty of alloy compositions determined by chemical 
microanalysis has not been determined. 

Selected R-RuNulcan carbon nanowmposites prepared using complexes of type 1 or 2 as single- 
source molecular precursors have been tested as anode catalysts in DMFCs. Details of these 
testing procedures will be presented elsewhere. One such Pt,Ru,Nulcan carbon nanocomposite 
exhibited a higher activity for methanol oxidation at open circuit and at low current densities than 
did a comparable commfmial catalyst, while another Pt,Ru,Nulcan carbon nanocomposite out- 
pe*ormed a comparable commercial catalyst at all higher current densities. 
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Figure 3. Corrected Pt:Ru atomic ratios for individual metal alloy nanopatticles as a 
function of nanoparticle size. 

AlloylVulcan C- DmA, DED3 

NanocomoosirelQml lnml 
Pt,Rn, 3.4 (0.9) 2.6 (0.8 ) 

Pt,Rn, _ _ _ _ _  2.4 (0.4) 

Pt,Ro, 2.6 (0.9) 3.0 (0.8) 

PGR% 5.7 (3.1) 3.2 (0.7) 

Chemicai Average 

Analvsis1 EDS(PrRu.1. 
1 . 0 8  1 . 1 1  (0.03) 

____ 1.00 (0.06) 

0.90 0.88 (0.04) 

3.20 2.83 (0.11) 

DISCUSSION 

Seven heteronuclear noncluster or cluster complexes have been successfully used as single-source 
molecular precursors for the preparation of Pt-Ru or Pt-MaNulcan carbon nanocomposites in 
which the metal stoichiometry of the molecular precursor provides significant control over the 
metal content of the resulting binary metal alloy nanoclusters. Thermogravimetric analysis of the 
thermal decomposition of the heptanuclear precursor 3 reveals a single mass-loss event 
corresponding to loss of the mercury content of the precursor. This result indicates that volatile 
main group metals can serve as bridging atoms in cluster precursors without being incorporated 
stoichiometrically into the resulting alloy nanocluster. In addition, this synthetic strategy can be 
used to prepare metal alloyNulcan carbon nanocomposites having high metal loading while 
maintaining relatively small average particle sizes for the alloy phase. Independent determination 
of the metal stoichiometry of metal alloy nanoclusters using full-profile Rietveld analysis of XRD 
patterns is  possible and is typically reliable to within a 5 weight % variation of the content for each 
metal. 

Pt,Ru,Nulcan carbon nanocomposites can be prepared very rapidly (cl  min) from deposited 
single-source molecular precursors using microwave heating of the conductive, particulate support. 
Normal thermal processing of deposited precursors to give binary metal alloyNulcan carbon 
nanocomposites using tube fumace heating requires typically 2-4 hours of thermal treatment. In 
addition to the rapid formation of the nanocomposite, microwave heating apparently minimiw 
metal diffusion on the carbon support to afford metal alloy nanoclusters having more namw 
particle size distributions. The general scope of this synthetic method is being investigated. 

The successful formation of Pt,Ru /GNF nanocomposites using a single-source molecular 
precursor is a unique method for obkning metal alloy nanoclusters on a support having defined 
structural variety. GNFs can be prepared in which the graphite planes are oriented parallel, 
perpendicular, or in a herringbone pattern relative to the long axis of the carbon nanofiber. Growth 
of metal alloy nanoclusters on such ordered carbon supports provides an opportunity to study 
metal nanoclustercarbon matrix effects and DMFC activity as a function of the atomic and 
electronic structure of the carbon support. Such studies are under active investigation. 
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A critical factor in evaluating the practicality of preparing metal alloy nanoclusters by any synthetic 
method is the direct determination of the metal stoichiometry of individual alloy nanoparticles. By 
using HR-TEM(FEG) techniques, the metal stoichiometry of individual Pt-Ru alloy nanoclusters 
has been determined. F'reliminary data indicate that metal alloy nanocluster composition is 
controlled to a high degree by the metal stoichiometry of the single-source precursor used in the 
synthesis. Further study of truly on-particle metal analysis will explore the general validity of this 
synthetic method. The observation of a partial loss of Ru during these on-particle analyses was 
unexpected. Interestingly, the extent of this Ru loss is dependent on alloy particle size and can 
usually be corrected for by assuming Ru loss from only the outermost unit cell thickness of the 
metal nanocluster. Due to the known volatility of ruthenium oxides, these results are consistent 
with the known presence of oxidized Ru species on the surfaces of Pt-Ru nan~particles.'~ More 
detailed confirmation of this observation is anticipated. On-particle analysis of the metal alloy 
stoichiometry of the Pt-MoNulcan carbon nanocomposites mentioned above (as well as others) is 
also under investigation. 

CONCLUSIONS 

Metal alloy/carbon nanocomposites can be formed using single-source molecular precursors to 
provide considerable control of the metal stoichiometry of the resulting binary metal nanocluster 
phase. Rapid thermal treatment using microwave heating affords metal alloy/carbon 
nanocomposites in which the metal nanoclusters have relatively narrow particle size distributions. 
True on-particle metal stoichiometries can be measured using HR-TEM(FEG) techniques; 
however, a correction for metal loss possibly due to the presence of surface oxidized species might 
be necessary for very small alloy particles. Study of the general scope of using this synthetic 
strategy to prepare binary, ternary, or higher order metal alloys is underway. 
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ABSTRACT 

A critical issue for the PEM fuel cell is the ability to delivery clean H2 to the anode 
electrode the kinetics of which are greatly hindered by traces of CO present from the 
hydrocarbon steam reforming and water gas shift processes. A technology receiving much 
attention is the selective oxidation of CO to C02. Ideally the catalyst must selectivity oxidize 
about 1% (10,000 ppm) CO to less than 5 ppm without oxidizing any of the 30-70% H2 present. 

This paper will describe performance results of a newly developed catalyst for selective 
oxidation of CO for PEM fuel cell applications. The effect of space velocity, concentrations of 
CO, Oz/CO ratios and temperature on activity and selectivity will be presented. 

INTRODUCTION 

Development of thc proton exchange membrane (PEM) fuel cell has been considerable 
during the last 10 years advancing the commercial possibilities for generating clean and efficient 
power for stationary and mobile source applications (1,2). The system operates at about 70-80°C 
using H2 as the anode fuel. Given the extensive infrastructure existing for natural gas (stationary 
source applications) and gasoline (mobile source) these are the preferred sources of H2. The 
production of clean H2 for the chemical industry from hydrocarbon feeds (3) is accomplished by 
a series of catalytic steps including desulfurization, steam reforming, water gas shift and CO 
removal by either selective oxidation, methanation or pressure swing absorption. All of these 
technologies are now being reviewed for possible use in the fuel cell. 

In the early 1960's Engelhard developcd and commercialized the SelectoxoTM catalyst 
and process for H2 plants (4-6). The heart af this technology is a highly selective catalyst, which 
oxidizes up to 10,000 ppm CO without significantly oxidizing the 70% H2 (dry) present. CO 
levels were reduced to less than 5 ppm under steady state conditions (SO'C, 10,000 h-' and 200- 
400 psig). The SelectoxoTM system was located downstream from the C02 and H20 scrubber. 
For fuel cell applications the catalyst must operate at much higher space velocities at 
temperatures above about 9OoC at ambient pressure in the presence of large amounts of COz and 
H20. Furthermore, it must be designed for transient operation since power demands will vary 
considerably depending on the application. A large consumption of H2 is undesirable since it 
decreases power generation and complicates heat management. Therefore, having a catalyst with 
high selectivity is critical. 

EXPERIMENTAL 

The SelectoxoTM catalyst contains 0.5% Pt supported on y-alumina 1/8 inch tablets 
promoted with a base metal oxide. The alumina is impregnated with salts of Pt and base metal 
oxide, dried and calcined. The composition of the new catalyst has been modified and prepared 
as a powder suitable for deposition onto a monolith structure. We call this material monosel. The 
cordierite monolith is 400 cells per square inch and is dipped into a water sluny of the catalyst, 
dried and calcined. Typically washcoat loading of about 1.5 g/in3 were obtained. For direct 
testing of powdered catalysts they were pressed and crushed into particles 40-60 microns in size. 

The test gas contained between 1000 and 5000 ppm CO, 20 % H2, 10% H2O and varying 
O2 to CO ratios with the balance N2. When powders were tested they were diluted in a 1 :2 ratio 
of catalyst to quartz. Monoliths were wrapped with insulation and fitted into the 1 inch ID quartz 
reactor. A control thermocouple was positioned in the inlet section of the catalyst bed. 

The consumption of CO and generation of COz was measured with a California 
Analytical Instruments infrared gas analyzer 0 2  consumed was measured with a Rosemount 
electrochemical analyzer. The generation of hydrocarbons was monitored with a Rosemount 
Analytical flame ionization analyzer, but under the conditions of these experiments here none 
was ever detected. 
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RESULTS 

The comparison of powdered Pt/A1203 with monosel, at equal concentrations of Pt, at 90 
and 15OoC and 02/CO ratios of 0.5 and 0.75 are shown in Table 1. The powder volumetric space 
velocity (VHSV) is 120,000 h-I. The presence of the promoter metal oxide in monosel 
significantly increases the CO activity and conversion (Xco) while maintaining excellent 
selectivity of 0 2  for CO (XOZ fAr CO). Under all conditions the Pt/Al203 never obtains high CO 
conversions relative to monosel under realistic operating temperatures up to 1 50°C. 

Figures I and 2 demonstrate the influence of oxygen excess above stoichiometric at 
different temperatures and space velocities for monosel deposited on a monolith. At 90°C and a 
VHSV of 20,000 h i '  increasing oxygen improves the activity of the catalyst, but the selectivity 
decreases. At Oa/CO = 1 conversion of CO reaches 100% with the 0 2  selectivity for CO about 
50% (Figure 1). 

Raising the temperature to 15OoC (Figure 2) at a monolith VHSV of 80,000 h i '  gives 
almost 100% CO and 0 2  conversions at OdCO = 1.5. The 0 2  selectivity for CO is 33%. 

The results for 2000 and 5000 ppm CO are presented in the Table 2. At 9OoC increasing 
thc CO concentration from 2000 to 5000 ppm, under stoichiometric conditions (02/CO = O S ) ,  
shows a constant CO conversion of 69%. The selectivity of 0 2  for CO improves from 66 to 
77.6%. Increasing the Oz/CO ratio to 0.75 increases CO conversion to almost 97% with similar 
selectivities of 64 vs. 68%. At OdCO = 1.0 the CO conversion reaches 100% while the 
selectivity decreases to about 50%. At 150°C 100 % conversion of CO is achieved at both 2000 
and 5000 ppm at an 02/CO = 1 with selectivities of about 50%. As the 02/CO conversion is 
decreased from 0.75 to 0.5 the CO conversion decreases, but the total 0 2  conversion remains 
almost 100% with an 0 2  selectivity for CO of about 58% for 2000 ppm and 65% at 5000 ppm. 

CONCLUSIONS 

1. At 90°C, VHSV = 20,000 h i '  and OdCO = 1 conversion of CO is about 100% with the 0 2  

selectivity for CO about 50%. 
2. At 15092, VHSV = 80,000 hr" and Oz/CO = 1.5 conversion of CO is about 100% with the 

0 2  selectivity for CO about 33%. 
3. CO conversions of 100 % are achievable at OdCO = 0.75 (at 5000 ppm) and 1 (at 2000 

4. At 1 5OoC, 100% CO conversion is obtained at an OdCO = 1. Selectivity of 0 2  for CO is 
about 50%. 

PPml 
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Table 1 
Comparison of Powdered PUA1203 and Monosel Catalysts 

(fraction 40-60 p, VHSV-120,000 hi') 

# 
Monosel Pt/A1203 

TEST CONDITIONS Xco, % I Xo2 for CO, I Xco, % I XOZ for CO, 
% % 

2. 

3. 

At 9OoC, 02/C0=0.75 90 65 12.1 66.2 

At 150nC, 02/CO=O.5 52.7' 61.6' 26.8 56.7 

h 

# 
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Fig. 1. Monosel on monolith activity and selectivity depends on O K 0  
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990 



CATALYTIC REACTOR FOR IMPROVED CARBON MONOXIDE CONTROL 
WITHIN THE HYDROGEN FEED STREAM OF A PEM FUEL CELL 

J. K. Hong, M. A. Inbody, J. C. Hedstrom, J. I .  Tafoya and N. E. Vanderborgh 

Fuel Cell Engineering 
ESA-EPE, Los Alamos National Laboratory 

Los Alamos, Nh4 87545 USA 

KEYWORDS: PEM Fuel Cell, Carbon Monoxide Removal, Preferential Oxidation 

INTRODUCTION 

The proton exchange membrane (PEM) fuel cell is considered a promising energy 
conversion device, based on environmental and energy efficiency advantages.' Even 
though hydrogen-air PEM fuel cell systems have been considerably improved over the 
past two decades, direct hydrogen systems present challenges for wide-spread automotive 
applications.2 The advantage of contemporary fuel cells becomes compromised if their 
deployment requires a new complicated hydrogen infrastructure. On-board reforming of 
contemporary clean fuels is an alternative approach for supplying hydrogen for these 
PEM fuel cell vehicles. Fuels for such clean vehicles include natural gas, reformulated 
gasoline, alcohols, ethers and other  hydrocarbon^.^ Chemical conversion of these fuels 
using either partial oxidation or steam reforming generates a hydrogen stream diluted 
with carbon dioxide, nitrogen, steam and various contaminants including carbon monox- 
ide. In the presence of CO stack efficiency is compromised, so fuel processing hardware 
must include features to manage impurities. The Fuel Cell Engineering Team at Los 
Alamos has pioneered successful approaches for gas cleanup. The effort combines cata- 
lyst development with novel reactor designs, perhaps suitable for future automotive appli- 
cations. These large-scale experiments are supported by micro-scale investigations of 
catalyst performance. One important focus is to develop new approaches iiseful for 
achieving transient behavior of contemporary passenger vehicles. Such a gas clean-up 
device is termed a PROX (preferential oxidation) converter, even though oxidation is but 
one of the several reactions necessary for successful fuel cell system h a r d ~ a r e . ~  

EXPERIMENTAL 

Both micro-scale and larger (50-kW) device experiments are described. The mi- 
cro-scale test stand permits catalyst evaluation using test gas mixtures selected to repli- 
cate operation with a variety of fuels, such as might result using a "multifuel reformer". 
For instance a simulated gasoline reformate might consist of 36% H2, 17% C02,  28% N2 
and 17% H2O. Small quantities of contaminants are added to such mixtures and then the 
mixtures are blended with controlled quantity of air. The resulting mixture is transferred 
to a volume of catalyst. Analytical tools including gas chromatography and gas chroma- 
tography mass spectrometry evaluate catalyst effectiveness. Considerable attention is 
paid to the fluid dynamics of the experiments to assure uniform gas composition, inlet 
temperature and laminar flow. These reactors can be either adiabatic ("hot spot") or iso- 
thermal, depending upon test conditions. The micro-scale reactor is used to determine 
performance data on a variety of catalyst types and to investigate techniques for effective 
control of other contaminants such as NH3 or H2S. 

The large scale experiments replicate conditions used for microscale testing. One 
PROX reactor with three series, adiabatic sections is shown in Figure 1. Each section in- 
corporates features to homogenize the gas mixture, to control entrance temperature and to 
assure laminar flow into the catalyst volume. Heat flow is primarily through convective 
processes. The overall large-scale design includes features designed to meet safety stan- 
dards for hydrogen operation and to permit convenient exchange of catalyst samples and 
alteration of other internal features. The large experiment also permits dynamic meas- 
urement of gas composition and temperature within the catalyst volume to measure either 
"down the channel" or spatial (radial) data. Such information has proven very useful to 
confirm modeling predictions. 
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Experiments are computer controlled. The electronic systems sets appropriate re- 
actant flows and controls temperatures and pressure. Importantly the data system also 
continuously evaluates for experimental faults such as hydrogen leaks and acts to termi- 
nate tests when certain release rates are reached. 

RESULTS 

Preferential oxidation depends upon rapid CO oxidation even in the presence of far 
larger mole fractions of hydrogen. The intent is to remove the CO with only small con- 
current hydrogen oxidation. Although there have been significant improvements in anode 
fuel cell catalysts to increase CO tolerance, most contemporary systems dictate that inlet 
CO concentration should be set at below 30 ppm. 

The removal rate of CO through oxidation on a platinum catalyst in the micro- 
scale reactor depends on the reaction temperature, as shown in Figure 2. The highest 
conversion of CO, or the lowest outlet CO concentration, is attained at 220°C and by fur- 
ther increase in reaction temperature leads to high outlet CO concentration. Additional 
experimental results support that increased CO found at temperatures exceeding 220°C is 
attributed to the rapid hydrogen oxidation at these temperatures which depletes oxygen 
and concurrent production of CO by the reverse shift reaction. 

The inlet oxygen concentration was varied as shown in Figure 3 and the effect on 
CO control was measured. The outlet CO concentration was determined at 220°C and 
260°C, respectively. At both reactions temperatures, oxygen is rapdly depleted by reac- 
tion with CO and H2 at oxygen stoichiometry as high as to 3.0 based on the CO concen- 
tration. In this case a stoichiometry value of 1.0 is defined, for example, when the num- 
ber of moles of oxygen is 0.5 that of the moles of CO-for example 250 ppm of oxygen, 
as a constituent of air, is added to a stream containing 500 ppm of  CO. From Figure 3, 
an increase in oxygen stoichiometry at 220°C is found to be effective in reducing outlet 
CO concentration, while concurrent hydrogen loss is significant with the increase in oxy- 
gen stoichiometry at 260'C. 

Figure 4 shows PROX device performance as a function of overall oxygen stoichi- 
ometry, summed for each of the stages based on the inlet CO content. Figure 4 shows re- 
sults for an inlet concentration of 20,000, using three stages. The device output ranges 
from a CO concentration of 45 ppm to well below 20 ppm, depending upon conditions. 
In general these hydrogen-mixture cleanup devices perform as designed over a wide 
range of flow rates and inlet carbon monoxide concentrations. 

Transient performance, CO control during a rapid change in either CO concentra- 
tion or flow rate, can be achieved by either precise control of reactant flows or through 
intelligent catalyst design, or by a combination of these approaches. Transient perform- 
ance at the 50-kW flow level during an event when a normal 8,000 ppm CO flow stream 
is changed to a 12,000 ppm CO gas stream. With appropriate alteration of the air injec- 
tion rate, the device shows no performance degradation. 

Other contaminants than carbon monoxide are troublesome. Some compounds 
will not influence PROX performance but can degrade stack performance. Others tend to 
poison the catalyst surfaces contained in the PROX device. The hydrogen generators 
also, at times, generate colloidal carbon ("soot"), a contaminant that can adversely influ- 
ence PROX performance. 

CONCLUSIONS 

Gas cleanup-technology is an essential operation in on-board fuel processing sys- 
tems. Today transportation fuel specifications are being adjusted to meet increasingly de- 
manding environmental emission regulations. Cleaner fuels, especially low sulfur fuels, 
are more easily processed as hydrogen sources. New fuels, such as dimethyl ether, di- 
methoxy methane and gas-to-liquid ("Fischer Tropsch") compounds are additional steps 
along the pathway towards very clean vehicles. All of these clean fuels are also attractive 
candidates for fuel cell vehicles. 

Although there has been considerable progress in gas clean-up technology, chal- 
lenges remain. Such devices must address automotive applications with special require- 
ments for low initial cost, ruggedness and reliability. Transients are also challenging, es- 
pecially the transient during start-up of the vehicle. In these experiments the gases are 
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added to the catalyst at a temperature exceeding the “light-off’’ temperature. Special de- 
signs will be necessary to initiate operation within the 20 seconds, or SO requirement, 
following a cold-soak period. Even so, much of the necessary technical design challenges 
for these devices have been successfully demonstrated. 
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Fig. 1 The 5OkWe modular PROX assembled at the PROX test facility. 
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Fig. 4 PROX device performance as a function of overall oxygen stoichiometry. 
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Introduction 

Faced with tough emission standards, auto manufacturers have started looking into 
technologies that offer feasible alternatives to internal combustion engines. Fuel cells 
offer many advantages including almost-zero emissions. Epyx Corporation, a subsidiary 
of Arthur D. Little, Inc., has developed a fuel-processor design that reforms hydrocarbon 
such as gasoline and generates hydrogen - needed to run fuel cell. In fact, Epyx is the 
first company ever to demonstrate a gasoline-based reformer. In addition to its 
lightweight and compact configuration, Epyx fuel processor operates on multiple fuels 
such as gasoline, ethanol, propane, and natural gas. 

Background 

Proprietary hybrid partial oxidation (POX) fuel processor is shown in Figure 1. 
The fuel processor consists of a series of catalytic beds, viz., steam reforming, high 
temperature shift (HTS), low temperature shift (LTS) and cxhnust clcan-up, opcrating 
over a wide temperature range to maximize hydrogen output. The exit CO concentration 
from the fuel processor is 0.2-0.5 % depending on the steadcarbon (SIC) ratio and 
temperature. However, for a proton exchanged membrane (PEM) fuel cell applications, 
the CO concentration must be below 50 ppm. Therefore, an additional CO clean-up stage 
called preferential oxidation (PROX) is also included. For the processing of sulfur 
containing fuels, the fuel processor also contains a compact desulfurization bed integrated 
inside the reactor vessel. 

The process effluent from POX zone consists of a mixture of CO, C02, Ha, H20, N2 and 
residual methane. A highly active steam reforming bed holds the key to full fuel 
conversion and high efficiency. The POX residual methane is reformed into hydrogen in 
the steam reforming bed and CO is converted in the two shift reactors, viz., HTS and 
LTS. 

A fraction of the feedstock is combusted in the POX zone at about 700-1500 'C. 

Experimental 

Based on the results from previous work at Epyx/A. D. Little, Inc., a fuel 
processing power system was designed using assumptions consistent with a light duty 
vehicle. The fuel processor system consists of three subsystems, viz., fuel processor, CO 
clean-up, and tailgas combustor. The assumptions involved in the design of the fuel 
processor include a use of PEM fuel cell operating at 3 atm and at a design power level of 
10 kW (electric). The design power rating power corresponded to a fuel processor 
system that could operate on a thermal input of 45 kW. 

Experimental studies were carried out to permit characterization of the entire 
system with regard to thermal balances, pressure balances, hydrogen purity effects, 
tailpipe emissions, and required control interaction. The system was operated on several 
conventional and alternative automotive fuels such as California Phase I1 reformulated 
gasoline (RFG), ethanol, natural gas, etc. The performance of fuel processor was 
quantified by measuring the conversion efficiency at a particular S/C ratio and 
equivalence ratio (4). 

sample was connected to various analytical instruments listed below: 

Gas chromatograph equipped with a thermal conductivity detector (GC/TCD) for 
detection and quantification of H2, N2. CH4, C2H2, CzH4, C02,  and CO; 
Non-dispersive infra-red (NDIR) analyzer for CO and C02,  
Chemiluminescent NOx analyzer; 
Flame ionization detector (FID) hydrocarbon analyzer; 

To quantify the emissions from the fuel processor assembly, the exhaust product 
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Paramagnetic oxygen analyzer. 

Results and Discussion 

Recent efforts have focussed on incorporating advanced catalyst and heat 
exchanger concepts into the fuel processor design. This new generation of the design is 
sized to accommodate a 22 kW (electric) fuel cell power system. Experiments were 
conducted on this design with a variety of fuels and the fuel processor was characterized 
in terms of temperature and composition of each zone, operating conditions for the POX 
zone, and conversion efficiency. 

the fuels is shown in Table 1. Hydrogen efficiency is defined on the basis of lower 
heating value of Hz exiting the fuel processor to the lower heating value of the fuel fed to 
the unit. The extended testing of  this new design indicate that advanced concepts 
employed have led to significant improvements in the efficiency, which exceed the 2004 
Department of Energy PNGV (Partnership for New Generation of Vehicles) efficiency 
targets for fuel processors - currently set at 80%. It is also evident from Table 1 that 
such high efficiency of the fuel processor results in high fuel conversion or low slip of 
unconverted hydrocarbons, which assist in obtaining very low exhaust emissions. No 
degradation in the performance of the catalyst beds was evident after 600 h on-stream - a 
ramification of high fuel conversion. 

The performance of the fuel processor measured as hydrogen efficiency with all 

Fuel DV Hz Fuel conversion (%) Efficiency** (%) 

RFG 43 98 83 
. concentration* (“A) ~ ~ _ _ _ _ _ _ ~  

Table 1. Epyx transportation fuel processor performance with various fuels 

Methanol 46 99 
Ethanol 42 99 
Natural gas 45 95 

______ 
88 
84 
83 

*: at the exit of the fuel processor 
**: defined as ratio of lower heating value of H2 at the exit to the lower heating value of 
the fuel fed to the fuel processor 

As a first step in verifying the low emissions produced from a gasoline fed fuel 
processor, steady state emissions analysis was performed at the exhaust of tailgas 
combustor. Emission data gathered at 25 kW (thermal) input to the fuel processor show 
CO < 5 ppm, hydrocarbons < 4 ppm, and undetectable levels of NOx. Assuming FUD 
cycle with 12.5 kW (electric) average power requirement yields emissions in g/mile as 
shown in Table 2. 

Contaminant California SULEV standard Epyx fuel processor 
(g/mile) (g/mile) 

- co 1 .o 0.013 
. Hydrocarbon 0.01 0.017 
NOx 0.02 0.003 

Compact automotive fuel processor was designed, fabricated and tested with 
gasoline, natural gas, methanol, and ethanol. This design demonstrated efficiency 
numbers greater than PNGV 2004 targets and emissions comparable with California 
SULEV standards. Pathways have been identified to further improve the overall 
performance ofthe fuel processor. Detailed reaction models are being generated and 
validated; these models will be used in the future designs. 
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Figure 1. Epyx 22 kW (electric) multi-fuel processor 
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